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1. SUMMARY,

An assessment has been made of the use of the metals
Li, Be, B, Mg, Al alone, in suspenesion in a hydrocarbon, and
as hydrides, with the oxidant Nitric Acid. The best perform-
ance is obtained with systems based on Be and B, but the in-
crease in performance, compared with a hydrocarbon fuel, is not
sufficient to warrant a great deal of research on these fuels,
particularly for medium size motors (~ 5000 lbs. thrust).
Some objections to the use of metals, even for lower perform-
ance systems, are discussed.

2. INTRODUCTION.

The large heats of combustion of many metals have attracted
attention to their possible use as rocket fuels. Only those
metals which have a low atomic weight can be consgidered in this
application and e¢ven in these cases it must be realised that all
the energy cannot be utilised. Thie is because, above 3000°K.,
many molccules are appreciably dissociated and, in the case of
metnl oxides, heats of fusion and evaporation are largc. Thus
a general review of heats of formation, such as that given by
Dartnall (1), is not more thon the first step in an assceement
of the use of metals, A slightly more elaborantc treatment by
Saenger (2) neglects dissociation nnd phasge chnnges and gives,
therefore, rather optimistic values for the exhaust velocities
with such fucls. The system HoO/Al. hns been discussed by :
Dartnall (3) and Pike (4) and Hg0/Mg. by Dartnall (3). Borrows
(5) has summarized ~ certain nmount of American information, but
the combustion temperaturecs quoted are extremely high, so high
that no serious weight can te given to some of the results,

Recently Stosick (6) hns given some performance figures for
the system 1iq.09/BgHg which are reasonable and agree with those
of Huff, Calvert and Erdmann, The optimum specific impulee of
this system is 3C0 gecs. but the optimum denegity impulse is only
~ 245, This should be compared with the figure of ~280 for the
optimum density impulse of HNOz/n-decane (8). The density
impulse is relevant to an assesement of the performance of prop-
¢cllants for Guided Weapons. For such a purpose liquid oxygen
has been excluded from consideration (9) and finally Nitric Acid
was gelected as the oxidant for the naval weapon "“Seaslug",
%nrgly as the result of the recommendation of the Ordnance Board

18 ).

Since there was a lack of comparative data on the perform-
ance of oxidants with metal compounds and since it was clear
that the research effort on Nitric Acid systems would be incrensed,
a comparative serices of performance calculations on Nitric Acid
with metal fucls, suspensions of mctals in hydrocarbons, and two
metal hydrides hns Teen carried out. '

/3.
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3., -METHOD OF CALCULATION.

Go'd o Sclection Onte IDIEREAL

The available data on the thermochemistry of metnles and
metal oxideg at high temperatures has been critically reviewed
Ty Fart (311). These data are used in the calculations in this
report. It has been necessary to asswae further that :-

a) AlgOz exists as such in the vapour. This is unlikely,
but ae the equilibrium constants for the reactions
between protable radicals such as AlGg, 410 etc., are
unknown there is no alternative. 4120z, in the vapour
phase, was assumed to btehave as a chemical molecule,
i.e. with a gpecific heat of ~24 cals./mol, deg.C.

Bg0z vapour was treated similarly. Stosgick (6) has made
calculations for liq. O9/BgHg, in which he considered

two cases, viz: BgO3z vapour as being monomeric and as
being dimeric. The existence of a dimer, (Bg0z)g, at
high temperatures is unlikely but, in any ceaee, this
mekess 11 ttle dirfference te hie resulie. '

b) in the combustion of Li with HNO=. the oxide forined is s
Lis0. Ag there are no data on the gpecific heat of
Lig0 at high temperatures, that of water hag been used.

3.2, Computing Procedure.

The following assumptions are made in the calculation of the
Specific Impulse:-

a) The calculations are applied only to eystems with excess
ol opciidant . This has been done for two reasons. Firestly becausc,
urider thege conditionsg, equilibria involving metal atomes and mole-
culeg, nitrides, carbides and hydrides can be neglected.
Secondly, because combustion of metals occurs most readily with
excess of oxidant. Thus Fennel (12) has rcported up to 10% al.
metal in thc¢ exhaust from ram-jete using Al. powder as the fuel.

" b) Full account is taken of phoase changees, i.¢. melting and
Lolatilisation of the oxide, but dissociation of the oxide in the
'vapour phase is neglected., To compensate somewhnt for this
meglcet ol dissccigtion phénomena the upper limit for the wapour
pressure of oxide (in ref.ll) is used. The crror involved in
thege asgumptione ie esmall for BeO but may be appreci~ble at the
hizghest temperaturce for the other -oxidees. 4

e Sreacon For meglectihey digsociation’ ph¢nomenn, apart, feen
Bhe. eimplification of computing and low ocecuracy of the cvnilakle
fladen, 1s that the number of molecular especice preeent in the vapour

phage is unknown, Thue it is stated that BeO is apprecinbly more
volatile, at high tempecratures, in ~n atmosphere of HgO than in one
of Ng or Hg (13). Thie muet be due to some chemical reaction, e.g.

BeO + Ho0 = BeOH + OH.

Alg03 and BgOg in the vipour ph:sc must be partinlly dissocinted

to 410 and BO. apart from epectroscopic data on the e€xistence of
410 and BO in the vapour phasc¢, there ie other evidence. Thus
Zintl (14) has found a method for rcfining .1903 and 4l by distill-
ing.a mixture of crude 1903 and »l1 in vacuo. He ascribesg this

/to



to the formation of AlQO in the vapour phase. Evidence for the
existence of aluminiua monohydrides in the vapour phase has been
given by Gross et alia (15) and thus the existence of AlO in
appreciable concentration in the vapour phase is not surprising.
Similarly there is evidence for the existence of 8i0 in the
vapour phase (16).

In all these examplces the required thermodynamic data for
estimating equilibrium constants are uncertain and therefore all
dissociation of metal oxide vapours has been neglected.
Dissociation of the other gases is taken into account.

~¢) Reactions of the gases with metal oxides have algo been .
neglected

e.g. Mg0 + "Ho = Mg + Hg0
because oxidising conditions predominate.

d) The expansion of the combustion products has been treated

as a frozen equilibrium process. This seems a reasonable assump-
tion in view of the short time availagble for the formation and
growth of nuclei of liquid and solid oxides. It ehould be pointed

out that the formation and growth of nuclei are difficult under
guch conditions owing to the large heats of fusion and evaporation.

Maxwell, Dickinson and Caldin (17) and Willcock (18) have
derived expressions for the exhaust velocity of hot combustion
gases, containing solid or liquid particles, expanding through a
venturi. In their formulae it is assumed :-

i) that chemical equilibrium is frozen

ii) that particles undergo no phase changes during the
eXpansion

iii) that thermal equilitrium is maintained during the expan-
sion proccss

lv) that the particles heéve everywhere the local gas weloditys

Maxwell ¢t =2lia (17) have shown that assumptions iii) and iv)
are rcagonable.

The expression for the jet velocity used in this report is
il
(m/scc) = o1.53/C = {1_(§g)m}) 2 1l
i 1 c S

where Cp = mean molar specific heat of all combustion
products at constant pressurec.

M = mean molecular wt. of combustion products
Te = combustion temperature in 9K
Pe = axternal pressure
P, = combustion chamber pressure.
m = EB—{I + X C Sl_l =8 , Zng B
pgl  Xg Tpgl Cp Zmg + ng
/Seg.




s.g. as subscripts, refer to particies and gas
respectively

e = mel e s reee L Ol -1 L., Ko+ Xg = 1
Xg &pplies to the only solid product, i.e. the metal oxide

Xg = I X4 where summation is over all gaseous products,
i, including the gaseous oxide

Cpg = gngQEi where summation ig over all gaseous products
it
ni being the number of mols. of the ith gas.

This equation is identical with equation (4) given by
Willcock (18). The Specific Impulse is obtained by dividing the
jet velocity by g = 981 cm/sec?. In all these calculations
el s e andi' Pe =20 ats.

3.%3. Errors involved.

The main objection to the method of calculation used is that
no account is taken of the dissociation of the metal oxide in
the gas phase. Luft's data (11) indicate that the inaccuracy in
the casec of BeO is small because the vapour pressure and dis-
sociation constant of BeO are small even at 4000°K. It is
impossible to allow for the dissgociation of Alg03, BoOz and Lig0
a8 the necesgary information is not available, but uncertainty -
due to this cause will arise only at the higher combustion temper-
atures. In any case the error due to not allowing for dis-
sociation of the metal oxide is partly compensated by the high
valuegs for the vapour pressures which hnave been used,

Neglecting therefore the effect of dissociation of the metnal
oxide, the main uncertainty will be the vapour pressure assigned
to the metal oxide. The equantion for the jet velocity can be
rewritten in the form

w = 91.53 YF where 3.
F ZELE‘E n and
M
Peym
It may be shown that
- f4 - 0.5 (§1nTc + 8lng ) 5.
w

The error in Tc ie due either to an inaccuracy in the heats of
tgrmation of the reactant snd product moleculées or an inaccuracy
in the vapour pressure of the metal oxide, i.e. in the laotent

heat of cvaporation. Any. error in the heats of FTormation desuns
Nidk@ly, tiol be large. AR Erner InSthesvapour prescure leadinessmon:
gxmelle, o A lower value of Te 1ls partly ecompensated by the
mEeessLn whieh, 1s "in the opposite direction. Thus 2 lower heat
efsWaporisation, leads t2a a lower value of T, but to n:higher con-
centration of metal oxidc vopour, which gives an incrense in 5 2s
can be seen from equations (4) ~nd (2).

VDt



it is imposesibie: 1o state whether equilibrium is maintained
or not during the expansion process, although the authors con-
gider, for reasons.mentioned previously, that equilibrium ig not
maintained btetween gagecus anc ccndensed phases. Huf'f et glis
(7) calculated Ttoth cases for the propellants BgHg + liq. Og,
and Bolg + HgOg, and the maximum difference in 5.1. was 4. or
less. Since, in this report, the S.I's have been calculated
with the most unfavourable values (from the point of view of per-
formance) of the vapour pressures of the metal oxides, it is
considered that they may be a little low at the maximum S.I's
but not by more than 5. At the lower combustion temperatures
whe srroy ig probebly emaller,

4. RESULTS.

Performance figures for the systems HNOS/mLtal, with Li, Be,
B, Al and Mg. ag the metals, are given in Appendix I and Fig.l.
All the systems considered have an excess of oxidant. This was
gtipulated in crder to e¢liminate the necessity of congidering
€quilibria such as 2

MO + Ho = M + HoO
M(s) = M(g) etec.,

Since, ‘however, only relative performance Iigures WeErs regudrondl
this is no serious disadvantage, particularly as the optimum per-
formance figures caon be estimated from the curves,

Sugpensions of the metels Be, Mg and Al in : hydrocarbon,
=shecang . have. algob&cn caongidered ns fucls (Appindix 2, Fige, 2
and 3). The concentrition of metal ‘iz 55 to 607, by welight na this
is -belicved to be ~bout the moximum concentrntion which will estill
give a fluid system, The density of the fuel ‘was enlelllsFecs o
the agsumption of no volume chonge on mixing hydrocorbon and metal.

Finnlly. in Appendix 3 nd Fig.2, the pcrformonce figures for
BeHo (hypothctic#lg and BoHg hrve been given, gere heate of Torts
ation for the metn]l hydrides teing ~ssumed. Thcere is no inform-
ation on thé heat of formation of Bellg, and various figures ape
given for that of BgHg, the latest being AHe (Boblig) = 6:Tdr &

0.58 k.cale./ml. (19). The voluc AHe (BgHg) = O, which is used
here, will not lend to nny serious error. The den=ity o 1L
Bple e btaken teo be 0,4518 gr./ce. at =139°C, os Eivegn un RERIS

5. DISCUSSION.

The performance of the systems HNOz/n-decane and HNOz/lig.Hg

are used for comparison purposes. To justify sgerious consgideration
any propellant HNOz/metal must give a significantly better perform-
gnce than HNOz/n-decane. Only Be and B satisfy this requirement,

B being by far the best of the metals considered.

Suspensions of metal in nitric acid would be possible mono-
propellants but it is highly unlikely that they would be chemically
stable. Thus the rate of penetration of 98-100; HNOz into massive
wlie about 0.01 ine./year at 509, (20). Such a rate of attack
on fincly divided Al would render the suspension of Al in HNOgz
valuelegs., It would also be difficult to stabilise such suspensions
physically by the addition of surface active agents, in view of the
reactivity and oxidising power of Nitric Acid.

/Suspinsions




Suspensions of metals in a hydrocarbon have also heen con-
sidered (25), In this case the density impulse (S.I. x8) is,
however, only slightly better than that of the pure hydrocarbon
with Nitric Acid %Fig.&) and the gain, except in the case of
Beryllium, is not worth further consideration.

Two hydrides have been considered; hypothetical BeHg, and
BoHg. BoHg shows a slight improvement on n-decane but the
difference in optimum S.I's is only 10% to 15, The density
impulse is, however, little, if at all, better. Pentaberane
BsHg would make a better fuel than Diberane because of ite more
convenient physical properties. Thus its melting point is -46.6°C.,
ORI e w480y and ‘dencity, at 0°C, 061 (2l). There are,
however, serious objections to the use of metal or metallic com-
pounds as fuels. These are :

: i} It is a 4ifficult problem to make suspensions of metal in
liquide such as water or Nitric Acid chemically stakle on account
of the enormous specific surface of the metal. Thue rateg of re-
action, which are negligible with the metals in bulk, are serious
with finely divided metals.

ii) Physical stability of a suspension of metal in a hydro-
carbon is difficult to produce, and constitutes a formidable
research problem.

1ii) The comtustion of some metals is not casy. Combustion of
fiehior i chould not be difficult but Fennel (12) has shown that, in
Ramjet combustion of Al powder, there is an appreciable amount of
unburnt Al in the combustion procducts and a number of American
firms (Ref.22, p.20) have founé Diborane disappointing as a rocket
fuel since it recquires a coimbugtion chanber having a large L*¥ and
tends to give free¢ boron duc to incomplete combustion or thermal
cracking.

5ig)] tne combustion temperatures are high and thus the cooling
of the motor becomes a more difficult problem. The " ¢ oolinE prebkein
may e&till further be aggravated by the formation of oxide layers
(with release of the latent heat of fusion or evaporation) but
Miss Schilling at R.A.E., Farnborough has shown that it is possible
to overcome this by sweat-cooling. Oxides may also tend to choke
ke vonturi

v)  The exhaust products will contain large quantities of
metallic oxides. Apart from the obvious disadvantages, the oxide
(with probably some unburnt metal) may form an anti-radar screen
in the gky with consequent difficulties in guiding the missile.

Finally a word should be gaid about Beryllium. Thie is the
most promising of the metals (together with Boron) tut it is
reported that some of its compounds are highly toxic although thu
available information is not definite (23). However, it is very
probable that other demands (such as Cu/Be alloys) will preclude
ite use as ¢ propellant. Thie quantity svallable 1s cortaunlysnens
more than a few hundred tons per annum (23). This is bnsed on 2n
@8t iMate Tor the U.S.4.

/6. CONCLUSIONS.
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6. CONCLUSIONS.

The mnin purpose of this note is to determine whether the .
performance of the propellant, HNOz/Hydrocarbon, san be appreciably
improved by the use of metals in suspension. The npplicntion in
view was to medium thrust wenpons (~ 5000 lbs. thrust) for which
Dengity Impulse is more important than Specific Impulse. The
only metales which would give an apprecickble increase in density
impulse are-Be and B and, apart ffom other difficultics diescucsed
in the previous section, the supply of thesgse metnle ie inndequate
at the moment.

BoHg shows soue promise (max, S.I.~ 250 sece.) but the density
impulse is not particularly good (~ 280). Should rnirnuf-cturc of
this fuecl, or pentatornnce, be gatisfactorily developed it seems
more reasonsble to use 1t in high ¢nergy propellant with an
oxidant such ns l1liq.0g or with the fluorinc group of oxidonts.

It is poesible that BeHg, if it can be made, will have a high
positive heat of formation (24). This will give a better perform-
ance (10--15%;) in bipropellant systems but such a compound would
be fur more usgeful ag a monopropellant and will not, therefore, be
further discussed here.

A congiderable amount of c¢xperiiental work is being done at
R.A.E. on the monopropellant Al1/H20 (i.e¢. suspension of Al in
HgO). This is being invecetigated primarily, it is believed, for
use in ramjets. The serious probleme of physical and chemical
instability of the suspension may be overcome but carly consider-
ation should be given whether the smoke can be toleratcd in the
app%ication of metal fuels in rocketes (e.g. visibility, radar screen-
ing). K
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a)

c)

d)

ey

PEESDLFE T,

Performance Data of metalsg with HNOS.

iDerll i um,

M.R. poK ;
19.32 2000
1B Bt 2400
10.23 2800

8,99 3000

- 00) 3200

4.90 3600

3.27 3800
Boron.

M.R. TOK.
32.64 200C
26.46 2400
21.26 2800
16.83 3200
13.22 3600
Magnegium,

Ii.R. T

7.44 2000

5,94 2400

4,70 2800

3.29 3000

20 %) 3200

1.33 3400

Aluminium.,

M.R. ToK.

9.05 2000

6.59 2400

5.18 2800

3.92 3000

2o bl 3200
Lithium,

M.R. 1026

.88 2000

Bl 2400

3.86 2300

o A0 3200
M.R. = liixture Ratio

S.

1. (=ece)

CE

159
1738
183
158
192
203
211

I. (secs)

160
175
188
200
212

S

.I. (secs)

S

154
165
175
Ve
180

1. (secg)

158
173
183
198

= wt., of oxidant

wt. of fuel

=110 =

(d5]

Q

=

o]

243
266
283
291
299
ol
535

S

246
269
290
310
530

it Sy W)

236
256
L0
274
I
279

244
265
285
297
311

201
207
207
201
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APPENDIX 2.

Performance Data of Suspensiong of Metal in n-Decane
with HNOgz.

a) Be in n-Decane (55.9 wt. {. of metal = 20 Be + CjpHgg)

M.R. 7Ok, 5.I. (secs) g L. x. ©
e oe 2000 162 241
Ll 2400 178 263
8.95 2800 191 279
e 3000 198 288
6.27 3200 206 298

b) Mg in n-Decane (57.8 wt. % of metal= 8 Mg + C1pHgg)

M.R. TOk. S.I. (secs) s.I. x O
9.64 2000 162 237
. 7.58 2400 177 258
5.76 2800 191 275
4,12 3000 203 287

c) Al _in n-Decane (57.1 wt. 5. of metal="7 Al + C10Hgg)

M.R. i S.5: [=ecg) Sala 250
10.60 2000 162 241

8:00 2400 176 262

Do e 2800 191 281

4,23 3000 200 291

APPENDIX 3.

Performance Data of Hydrides of Metals with HNOgz.

a) BeHg. (hypothetical: 8Hp assumed zero)

M.R. e S.I. (secs) S.he.x 8
BI52 2000 165 :

i onl 2400 182 -
facna 2800 198 -
8.22 3200 214 x
6.05 3400 228 -

b) BgHg ( AHr assumed zero)
M.R. TOk. 8.I. (secs) 8.1, x &

19,79 2000 168 232
15.70 2400 185 249
1229 2800 203 266
Ol 3200 2L B
7.68 3400 231 281
Note: The dotted lines in the curves denote that a change of

phase of the oxide occurs in that temperature range.

/Appendix 4.
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